The degradation of semi-interpenetrating and interpenetrating networks of chitosan and polyacrylamide -net-PAAm-sipn-chitosan, net-chitosan-sipnPAAm and net-chitosan-net-PAAm, by a crude enzyme complex produced by the beneficial soil microorganism Bacillus subtilis was studied. The effect of the degree of crosslinking was examined under otherwise invariable conditions (pH 6, ionic strength I = 0.1, and 35°C). It was found that the lower the degree of crosslinking, the faster the enzymatic hydrolysis. Degradation of the three types of networks proceeded faster under the action of the enzyme complex from B. subtilis than by the enzymes from T. viride.
Introduction
Degradable polymers are particularly suitable in creating new effective and ecologically safe devices for agriculture. The polyaminosaccharide chitosan, which is industrially prepared by deacetylation of chitin -the most abundant biopolymer after cellulose -has attracted much interest because of its non-toxicity and degradability. Chitin and chitosan are susceptible to enzymatic hydrolysis [1] [2] [3] [4] [5] and the resulting chitosan oligomers are known to elicit plant defence reactions [6] .
A new trend in modern agriculture is the use of biocontrol agents (biopesticides) instead of the commonly used synthetic pesticides. To fight against plant pathogenic fungi, some soil microorganisms (Trichoderma sp., Bacillus subtilis) are used as biopesticides [7, 8] . There are some obstacles for the larger application of the biopesticides, such as need of precautions on handling, short shelf life, necessity of sterile soil etc. These disadvantages might be avoided by embedding the beneficial soil microorganisms in suitable polymeric carriers.
Recently we have proposed novel systems for plant protection based on chitosan. In these systems the biocontrol agents were embedded in chitosan or in its complexes with synthetic water-soluble polymers such as poly(oxyethylene), poly(vinyl alcohol), poly(acrylic acid), poly(2-acryloylamido-2-methylpropanesulfonic acid) or its copolymers with acrylic acid) [9] [10] [11] [12] . Networks composed of chitosan and polyacrylamide were prepared [13] and their degradation by the crude enzyme complex from T. viride was studied [14] . In such kind of systems it is of importance to know the susceptibility to degradation of the polymeric carrier under the action of the enzymes of the embedded microorganism.
In the present work the degradation of chitosan in networks net-PAAm-sipn-chitosan, net-chitosan-sipn-PAAm and net-chitosan-net-PAAm using a crude enzyme complex, produced by the beneficial soil microorganism Bacillus subtilis, is studied and compared with the degradation by T. viride. The effect of the degree of crosslinking on the enzymatic hydrolysis is estimated.
Results and discussion
The three types of networks studied -two semi-interpenetrating networks (semiIPNs) and one interpenetrating (IPN) -are shown in Scheme 1. The first type of semi-IPN, net-PAAm-sipn-chitosan, contained PAAm crosslinked using N,N'-methylenebisacrylamide (MBAAm). The second type of semi-IPN, net-chitosan-sipnPAAm, was composed of non-crosslinked PAAm and chitosan crosslinked with glutaraldehyde.
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net-chitosan-ipn-(net-PAAm) Scheme 1. Schematic presentation of the structure of the three types of networks
net-chitosan-sipn-PAAm
The third type of networks was the IPN net-chitosan-ipn-(net-PAAm). As shown previously, the three types of networks are pH-sensitive at mole ratios [chitosan] :
[AAm] ≥ 1. The highest degree of swelling of the three types of networks was measured at pH 4 and ionic strength I = 0.1. On decrease of the amount of crosslinking agents, the equilibrium swelling degree of the networks increased.
Enzymatic hydrolysis of chitosan in networks net-PAAm-sipn-chitosan
The enzymatic degradation of chitosan in films of net-PAAm-sipn-chitosan by B. subtilis at mole ratios [MBAAm] : [AAm] = 1:5 and 1:50 was studied, and it was compared with the degradation of these networks in the presence of the soil fungus T. viride. Microorganisms of these types are able to degrade chitosan to oligomeric products [15, 16] . The most specific chitosan-degrading enzymes -chitosanasesare so-called endo-type enzymes, which cleave chitosan at random, resulting in oligomers with different molecular weight.
We assumed the following mechanism of degradation of chitosan as a non-crosslinked partner in a semi-IPN with crosslinked PAAm (Scheme 2). After a crude enzyme complex produced by B. subtilis is added to a net-PAAm-sipn-chitosan network, which has been preliminary swollen up to the equilibrium degree of swelling in a buffer solution, degradation of chitosan will begin. Probably, chitosan will degrade to oligomers mainly under the action of endo-type enzymes. The resulting oligomeric chitosan fractions will leave the PAAm network by diffusion and will be dissolved in the buffer solution. As separate experiments have shown, neither crosslinked, nor non-crosslinked PAAm is degraded by the used enzyme complex. Therefore, at the end of the enzymatic hydrolysis, the integrity of the sample should be retained. , degradation was insignificant and weight loss did not exceed 5%. Most likely in this case the network density had reached a critical value, beyond which the penetration of enzymes was no more possible, and hence the degradation of chitosan was hampered. The rate of degradation of chitosan in net-PAAm-sipn-chitosan at low degree of crosslinking, [MBAAm] :
[AAm] = 1:50, under the action of the crude enzyme complex produced from B. subtilis, was considerably higher than that in the case of enzymes from T. viride (Fig. 1) . The time, τ 1/2 , at which the networks lost 50% of their initial amount of chitosan, was c. 40 h in the case of degradation by the enzymes of B. subtilis, and about twice as long in the case of T. viride. This difference in the rate of enzymatic degradation of chitosan in the networks, depending on the type of the used enzyme complex, is most probably due to the different amounts and the different substrate specificities of the enzymes in the complexes. In this case, we assumed the following mechanism of degradation of the crosslinked chitosan (Scheme 3). After putting the networks (preliminarily swollen up to their equilibrium degree of swelling) in contact with the enzyme supernatant of B. subtilis, the crosslinked chitosan partner will undergo hydrolysis resulting in linear as well as branched oligosaccharides, which will be dissolved in the buffer solution. The network will become looser with the enzymatic degradation progressing; therefore, the mobility of the non-crosslinked PAAm partner included in the network will increase. After reaching a certain degree of enzymatic hydrolysis of the crosslinked chitosan in the net-chitosan-sipn-PAAm network, the water-soluble PAAm should diffuse into the liquid phase and dissolve (Scheme 3d). Our observations confirmed the assumed mechanism. At first, alteration of the surface of the sample was observed. With advancing of the enzymatic hydrolysis, the network sample gradually lost its shape and dissolved. In the case of this type of networks, the weight loss was 100%, independent of the degree of crosslinking of chitosan and the kind of the used crude enzyme complex (Fig. 2) . Under the action of the enzymes from B. subtilis, chitosan in net-chitosan-sipn-PAAm networks degraded faster than it was degraded by the enzymes of T. viride. As expected, both enzyme complexes brought about faster hydrolysis in networks with lower degree of crosslinking. The results from enzymatic degradation of crosslinked bare chitosan samples were similar to those obtained for networks net-chitosan-sipn-PAAm at the same crosslinking degree of chitosan. The results of the degradation of crosslinked bare chitosan by the enzyme complexes of B. subtilis and T. viride are shown in Fig. 3 . The enzyme complex of B. subtilis degraded 50% of the highly crosslinked chitosan in 48 h, while for the less crosslinked chitosan network, it took less than 24 h. 
Conclusion
Chitosan as a partner in networks net-PAAm-sipn-chitosan, net-chitosan-sipn-PAAm and net-chitosan-net-PAAm, as well as when crosslinked alone, is susceptible to enzymatic degradation. The weight loss on degradation depends on the network structure and on the type of the enzyme complex (from B. subtilis or T. viride). The degradability of the networks is a prerequisite for their use as carriers of these biocontrol agents.
Experimental part

Materials
Chitosan from crab shells (MW 4·10 5 , 80% deacetylation as estimated according to Baxter [17] , Fluka, Biochemika) and acrylamide (Fluka) were used. Glutaraldehyde (50% aqueous solution) and N,N'-methylenebisacrylamide (Fluka) were used as crosslinking agents. The salts used for the redox-initiator system, (NH 4 ) 2 S 2 O 8 and N,N,N',N'-tetramethylethylenediamine, were obtained from Fluka. All reagents used were of analytical grade of purity. Buffer solution of pH 6 (I = 0.1, CH 3 COOH/NaOH) was used.
Polyacrylamide was prepared by radical polymerization of AAm (8% aqueous solution) in the presence of K 2 S 2 O 8 (2 g/L) as initiator under nitrogen at 50°C for 2 h. The viscosity-average molecular weight of PAAm (M v = 1.3·10 6 ) was calculated from the intrinsic viscosity, measured at 25°С with an Ubbelohde viscometer in water. The Mark-Houwink constants α = 0.66 and K = 6.8·10 -4 were used [18] . Preparation and purification of net-PAAm-sipn-chitosan, net-chitosan-sipn-PAAm and net-chitosannet-PAAm, as well as the determination of the equilibrium degree of swelling, have been described elsewhere [13] .
Enzymes preparation
B. subtilis cultivated at 28°C for 2 days in 200 mL liquid medium, containing triptic soy broth was kindly supplied by Mr. M. Naydenov from the Agricultural University, Plovdiv, Bulgaria. The supernatant obtained by centrifugation (30 min, 4200 rpm) of the culture suspension was used as a crude enzyme complex for the enzymatic degradation of the networks. The enzyme activity was determined by a modified method described by Miller [19] using the concentration of reducing sugar liberated during the hydrolysis of 1% colloidal chitin as a substrate. Colloidal chitin was prepared according to a known procedure [20] . One unit enzyme activity (U) was defined as the amount of enzyme that could produce 1 µmol of reducing sugar/min, using N-acetylglucosamine as a standard.
Enzymatic degradation of net-PAAm-sipn-chitosan, net-chitosan-sipn-PAAm and netchitosan-net-PAAm
The enzymatic degradation studies were performed on film samples of the networks prepared at the mole ratio [chitosan] : [ААm] = 2. Samples (20 mm × 10 mm × 0.05 mm) were cut from the films, immersed in 5 mL buffer solutions with pH 6, ionic strength 0.1, at 35°С, and swollen until equilibrium was reached. Then the samples were transferred into a buffered solution of crude B. subtilis enzyme complex (a mixture of 5 mL buffer solution and 5 mL of the crude enzyme complex with enzyme activities of 0.011 U/mL and 0.012 U/mL for B. subtilis and T. viride, respectively). The network samples were removed from the solution at fixed time intervals and dried to constant weight. Enzymatic degradation was estimated from the weight loss.
